Infrared dark clouds (IRDCs) are thought to be potential hosts of the elusive early phases of high-mass star formation. Here we conduct an in-depth kinematic analysis of one such IRDC, G034.43+00.24 (Cloud F), using high sensitivity and high spectral resolution IRAM-30m N 2 H + (1 − 0) and C 18 O (1 − 0) observations. To disentangle the complex velocity structure within this cloud we use Gaussian decomposition and hierarchical clustering algorithms. We find that four distinct coherent velocity components are present within Cloud F. The properties of these components are compared to those found in a similar IRDC, G035.39-00.33 (Cloud H). We find that the components in both clouds have: high densities (inferred by their identification in N 2 H + ), trans-to-supersonic non-thermal velocity dispersions with Mach numbers of ∼ 1.5 − 4, a separation in velocity of ∼ 3 km s −1 , and a mean red-shift of ∼ 0.3 km s −1 between the N 2 H + (dense gas) and C 18 O emission (envelope gas). The latter of these could suggest that these clouds share a common formation scenario. We investigate the kinematics of the larger-scale Cloud F structures, using lower-density-tracing 13 CO (1 − 0) observations. A good correspondence is found between the components identified in the IRAM-30m observations and the most prominent component in the 13 CO data. We find that the IRDC Cloud F is only a small part of a much larger structure, which appears to be an inter-arm filament of the Milky Way.
INTRODUCTION
Young stars, particularly the most massive, are of great astrophysical importance. The huge amounts of energy and momentum that they inject into the interstellar medium have a significant effect on the evolution of their host galaxy. Yet, despite ongoing efforts, the formation process of massive stars is not fully understood. To gain such an understandBased on observations carried out with the IRAM 30m Telescope. IRAM is supported by INSU/CNRS (France), MPG (Germany) and IGN (Spain) .
† E-mail: a.t.barnes@2014.ljmu.ac.uk ing, one needs to study the initial conditions under which they form, before protostellar feedback removes information (e.g. kinematic and chemical) of the environment in which the earliest stages of star formation occur. Therefore, observations of quiescent star-forming regions have to be made in order to study the initial conditions of high-mass star, and stellar cluster, formation. This necessitates the identification of molecular clouds with sufficient mass and density, which currently exhibit a low star formation activity. Infrared dark clouds (IRDCs) are a group of molecular clouds that were first identified in the mid-nineties as promising astro-laboratories to study the initial conditions of high-mass star formation. The Infrared Space Ob-servatory (ISO; 15 µm; Perault et al. 1996) and the Midcourse Space Experiment (MSX; 7 to 25 µm; Egan et al. 1998 ) were used to initially discover IRDCs, and identified them as regions of strong mid-infrared extinction against the background Galactic emission. More recent works have shown that IRDCs are cold (< 20 K; Pillai et al. 2006; Ragan et al. 2011) , are massive (∼ 10 3−5 M ; Rathborne et al. 2006; Longmore et al. 2012; Kainulainen & Tan 2013) , have large column densities (N(H2) ∼ 10 22−25 cm −2 ; Egan et al. 1998; Carey et al. 1998; Simon et al. 2006a; Vasyunina et al. 2009) , and have high volume densities (n(H2) ∼ 10 3−5 cm −3 ; e.g. Peretto et al. 2010; . Of particular importance, IRDCs have been shown to have large reservoirs of relatively pristine gas, which has not been influenced by star formation, as inferred from their chemical composition (e.g. Miettinen et al. 2011; Gerner et al. 2015; Barnes et al. 2016; Kong et al. 2016) .
Although the physical and chemical properties of IRDCs have been well studied (the extinction or continuum dust morphology, dust and gas masses, dust and gas temperatures, and levels of molecular depletion) only recently have dedicated studies of their complex kinematic structure been attempted. Observations of molecular line transitions have shown that molecular clouds, even with relatively simple extinction morphologies, can contain a complex network of velocity components Hacar et al. 2013 Hacar et al. , 2017 . However, reliably disentangling such structures is difficult (e.g. Jiménez-Serra et al. 2010 Devine et al. 2011; Henshaw et al. 2013 Henshaw et al. , 2014 Tan et al. 2013; Pon et al. 2016b; Kong et al. 2017; Zamora-Avilés et al. 2017 ), yet doing so is key to understanding the role of molecular cloud structure and evolution in star formation (e.g. Ragan et al. 2006; Devine et al. 2011; Rygl et al. 2013; Kirk et al. 2013; Tackenberg et al. 2014) .
This work will focus on the IRDC G034.43+00.24 (henceforth Cloud F), which was first identified by Miralles et al. (1994) as an unresolved elongated structure in NH3 emission (a tracer of cold, dense gas) to the north of the bright IRAS source 1807+0121 (see Figure 1 ). Further investigation of this region was, however, delayed until the advent of higher resolution infrared telescopes, such as the MSX, which Simon et al. (2006a) used to identify Cloud F, along with 10,930 other candidate IRDCs, as having an extended structure silhouetted against diffuse background emission. Simon et al. (2006b) then investigated the global properties of the clouds from the Simon et al. (2006a) sample which resided within the Galactic Ring Survey's coverage (a survey of 13 CO (1 − 0) molecular line emission), and were especially extended (major axis >1. 53) and had a strong average extinction contrast against the background (with [background -image]/background > 0.25). Using 1.2 mm continuum observations, Rathborne et al. (2006) then investigated the core properties within 38 of these clouds (the positions of these cores within Cloud F are shown in Figure 1 ), selecting those which had kinematic distance estimates (Simon et al. 2006b ). Butler & Tan (2009 , 2012 and Kainulainen & Tan (2013) studied the core properties within 10 of the Rathborne et al. (2006) sample IRDCs, which were relatively nearby, massive, dark, and showed relatively simple surrounding diffuse emission (positions shown in Figure 1 ). These maps highlighted Cloud F in particular (along with G035.39-00.33; see section 5.1), as having a complex fila- Mass surface density, Σ (g cm −2 ) Figure 1 . Shown in greyscale is the high-resolution, highdynamic-range mass surface density map of the IRDC G034.43+00.24, produced by combining the dust extinction at the near-and far-infrared wavelengths (Kainulainen & Tan 2013) . The black rectangles show the coverage of the Galactic Ring Survey , see Appendix E) and IRAM-30m observations. Shown with + and × symbols and labeled are the positions of the "core" regions identified by Butler & Tan (2012, with F prefix) and those from Rathborne et al. (2006, with MM prefix) , respectively. Shown as coloured circles are the young stellar objects candidates, identified by their spectral energy distribution in the Spitzer bands (Shepherd et al. 2007 ): "good" and "poor" (i.e. those with a poor or no spectral energy distribution fit) detections are shown in blue and red, respectively. Sources with extended, enhanced 4.5 µm emission, or "green fuzzies", are plotted as green triangles (Chambers et al. 2009 ). Shown in the lower right of the map is the approximate shell of the H ii region G34.325+0.211, see Xu et al. 2016 for a discussion of its influence on the IRDC.
mentary morphology containing several massive cores, and a large amount of dense, quiescent gas (also see Fontani et al. 2011 and Kong et al. 2017 for chemical studies towards the quiescent gas within this cloud). The stringent selection process, through several datasets, summarised here, has singled out Cloud F as an ideal candidate in which to investigate the initial conditions of massive star formation. Table 1 presents the physical properties of interest for Cloud F (determined within the area mapped by the IRAM-30m observations), and Figure 1 shows the mass surface density map across the cloud region (Kainulainen & Tan 2013) .
To investigate the kinematic structures on various scales within Cloud F, we use emission from the C 18 O (1 − 0) and N2H
+ (1 − 0) molecular line transitions. Assuming that the C 18 O (1 − 0) line is thermalised and optically thin, this should trace the more extended gas, as its critical density is comparable to the average volume density expected within IRDCs (∼ 10 3−4 cm −3 when observed at scales of ∼ 0.5 pc; e.g. Henshaw et al. 2013) . The N2H + (1 − 0) transition has a significantly higher critical density (∼ 10 4−5 cm −3 ), and therefore is expected to trace the higher density regions. In nearby low-mass star-forming regions N2H
+ (1 − 0) typically traces dense cores (e.g. Caselli et al. 2002b; André et al. 2007; Friesen et al. 2010) , however, given the significantly higher volume densities seen within some IRDCs, this line is found to be extended (e.g Tackenberg et al. 2014; Henshaw et al. 2013 Henshaw et al. , 2014 .
We note, however, that the transitions from the N2H + molecule contain hyperfine structure, which can complicate the analysis of kinematically complex regions, where the hyperfine components can be merged to form one broad component (e.g in the case where the line width is larger than the separation of the components). Unlike its higher J-transitions, however, N2H + (1 − 0) has a hyperfine component (the F1, F = 0,1 → 1,2 transition) which is "isolated" by > 7 km s −1 from the main group (i.e. those with a separation of ∼ 1 km s −1 ; Caselli et al. 1995) , and is, therefore, unlikely to merge given the typical line properties observed within IRDCs (e.g. with line-widths of ∼ 1 km s −1 ; Henshaw et al. 2013) . As all the analysis presented in this work will be conducted on the isolated hyperfine component of N2H + (1 − 0) henceforth, unless otherwise stated, when mentioning the N2H + (1 − 0) transition we are referring to this hyperfine component. To do so, we will centre on the frequency of the isolated hyperfine component from Pagani et al. (2009) . We note, however, that slightly different frequencies for the isolated hyperfine component are available in the literature (93176.2637 (93176. − 93176.2650 Caselli et al. 1995; Cazzoli et al. 2012) , 1 yet changing to these will only shift the centroid velocity by (3.7 − 4.1) × 10 −2 km s −1 . As this variation is below the spectral resolution of ∼ 6 × 10 −2 km s −1 of the N2H + (1 − 0) observations used throughout this work (see Table 2 ), we do not expect this to significantly affect the results presented throughout this work (particular importance for section 4.3).
This paper is structured in the following manner. The details of the IRAM-30m observations towards Cloud F can be found in Section 2. The results are presented in Section 3. The analysis of the kinematic structure is then given in Sec-1 See https://www.astro.uni-koeln.de/cdms 3.4 ± 0.5 2.3 ± 0.3 Aspect ratio, A 0 2.4 2.6 Σ (g cm −2 ) c 0.10 ± 0.03 0.09 ± 0.03
a: Near kinematic distance to the sources (Simon et al. 2006b; Roman-Duval et al. 2009 ). See section 5.2 for further discussion of the source distance. b: Calculated from the mean value of the Ra and Dec range at the assumed source distance. c: Average mass surface density (Kainulainen & Tan 2013) . d: CO depletion factor presented in Appendix E compared to the value measured by Hernandez et al. (2012) . e: Masses calculated for the region covered by the IRAM-30m observations. Total cloud masses calculated by tion 4 and is discussed in Section 5. Here we compare the structures identified to those identified in a similar IRDC (G035.39-00.33), and the larger scale structures identified from 13 CO (1−0) observations. The conclusions of this work are given in Section 6. A discussion of kinematics with reference to previous analyses of Cloud F, and calculation of the CO depletion within the cloud are given in Appendices A and D. In Appendix B we briefly discuss the physical interpretation of the structures identified from the molecular lines observations presented in this work. The analysis of the IRAM-30m Cloud H observations and of the Galactic Ring Survey (GRS; Jackson et al. 2006) observations are presented in Appendices C and E.
OBSERVATIONS
The C 18 O (1 − 0) and N2H + (1 − 0) observations towards Cloud F were obtained using the Institute for Radio Astronomy in the Millimeter Range 30-m telescope (IRAM30m) on Pico Veleta, Spain, over the 27 th -28 th July 2012.
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The data cubes were produced from On-The-Fly (OTF) mapping, covering an area of ∼ 104 × 240 (corresponding to 2pc × 4.8pc, at the source distance of 3.7 kpc; Simon et al. 2006b ), using central reference coordinates of RA (J2000) = 18 h 53 m 19 s , Dec (J2000) = 01 • 27 21 , 3 which is shown on Figure 1 . These observations were carried out using the EMIR receivers. The VErsatile Spectrometer Assembly (VESPA) provided spectral resolutions of ∼ 20 -80 kHz.
The gildas 4 packages class and mapping were used to reduce and post-process the data. This included subtracting a single-order polynomial function to produce a flat baseline and convolving the OTF-data with a Gaussian kernel, thereby increasing the signal-to-noise ratio and allowing us to resample the data onto a regularly spaced grid. All the intensities were converted from units of antenna temperature, T * A , to main-beam brightness temperature, TMB, using the beam and forward efficiencies shown in Table 2 . The native angular resolution of the IRAM-30m antenna at the frequency of the C 18 O (1−0) and N2H + (1−0) transitions are ∼ 23 and 26 , respectively. Both data sets are smoothed to achieve an effective angular resolution of ∼ 28 , with a pixel spacing of 14 , to allow comparison (corresponding to a spatial resolution of ∼ 0.5 pc at the source distance of ∼ 3.7 kpc; Simon et al. 2006b ).
RESULTS

Moment analysis
To gain an initial insight into the intensity distribution and kinematics of the molecular line emission we conduct a moment analysis, using the spectral cube package for python.
5 This analysis has been carried out for a velocity range of 55 − 61 km s −1 for both lines, which was chosen to best incorporate all the significant emission from Cloud F identified in the spectrum averaged across the whole mapped area, shown in Figure 2 . The average uncertainty on the integrated intensity towards each position for N2H + (1 − 0) and C 18 O (1 − 0) are σ ∼ 0.08 K km s −1 and σ ∼ 0.09 K km s −1 , respectively (the rms is shown in Table 2 , and the uncertainty has been calculated following Caselli et al. 2002a) . The pixels below a 3 σ threshold have been masked after the moment analysis procedure.
The results of the moment analysis towards Cloud F are presented in Figure 3 . Shown in greyscale in the first column is the mass surface density map determined from extinction in the near infrared (Kainulainen & Tan 2013) . Shown in the second, third and fourth columns are the integrated intensities (0 th order moment), intensity weighted velocity field 5 https://spectral-cube.readthedocs.io/en/latest/. Table 2 . The shaded region shows the velocity range used for the moment map analysis (see Figure 3 ).
(1 st order moment), and intensity weighted line width (2 nd order moment) maps, respectively. For reference, contours of the integrated intensity are overlaid on each panel, and the positions of the Rathborne et al. (2006) and core regions are plotted on the mass surface density map. This analysis shows that both the N2H + (1 − 0) and C 18 O (1 − 0) emission is extended across the length of the IRDC, where only a few (< 10 per cent) of the pixels do not meet the 3 σ integrated intensity threshold. The N2H + (1−0) emission traces the mass surface density map morphology relatively well, with peaks towards the MM3 and MM1 core regions. The C 18 O (1 − 0) emission also traces the mass surface density morphology, albeit to a lesser extent than the N2H + (1 − 0) emission, peaking at the position of the MM7 core, to the west of the F1 and MM8 regions, to the south-east of the MM3 region, and towards the MM1 region. A likely cause of the different spatial distributions of the C 18 O (1 − 0) and N2H + (1 − 0) emission is that C 18 O traces the extended envelope material, whereas N2H
+ is expected to trace the dense gas, which follows the continuum cores and mass surface density distribution. Furthermore, towards these densest regions, unlike N2H + , C 18 O can suffer from freeze-out (see Appendix D).
The intensity weighted velocity field maps for both transitions show an increasing velocity from the west to east (right to left on Figure 3 ). The total difference of velocity across the mapped region is ∼ 2 − 3 km s −1 , which corresponds to a gradient of the order ∼ 0.5 − 0.7 km s −1 pc
for the approximate distance diagonally across the mapped region of 3 − 4 pc, at the assumed source distance (see Table 1 ). Figure 3 . Moment map analysis of the Cloud F N 2 H + (1 − 0) (upper row) and C 18 O (1 − 0) (lower row) observations. Shown in greyscale in the first column is the mass surface density map of Cloud F, determined from near and mid-infrared extinction (Kainulainen & Tan 2013) . Shown with + and × symbols are the positions of the "core" regions identified by and those from Rathborne et al. (2006) , respectively, which are labeled in both the upper left and upper centre-left panels. Shown in the second, third and fourth columns are the integrated intensities (0 th order moment), intensity weighted velocity field (1 st order moment), and intensity weighted line width (2 nd order moment) maps. Overlaid as red (first column) and black (second, third and fourth columns) contours in the upper row is the integrated intensity of N 2 H + (1 − 0), in steps of {5, 10, 15, 20, 25, 45 , 55} σ; where σ ∼ 0.08 K km s −1 . Overlaid as blue (first column) and black (second, third and fourth columns) contours in the lower row is the integrated intensity of C 18 O (1 − 0), in steps of {40, 50, 60, 70, 80} σ; where σ ∼ 0.09 K km s −1 . The moment analysis has been performed above 3σ for all transitions. Shown in the lower left corner of the second upper panel is the smoothed angular beam size. ent morphologies. The C 18 O (1 − 0) shows the largest values of the intensity weighted line width towards the MM1 region and the south-east corner of the mapped region (∼ 3.5 km s −1 ), with peaks towards the MM3 region (∼ 2.7 km s −1 ), and towards the peak in integrated intensity towards the west of the F1 and MM8 regions (∼ 2.9 km s −1 ). The N2H + (1 − 0) emission shows narrower line widths towards the centre of the cloud, with values of ∼ 2.5 km s −1 towards the MM1 region, and ∼ 2 km s −1 towards the MM3 region.
Channel map analysis
To investigate the velocity gradients identified in the N2H + and C
18 O moment map analysis, the emission from these transitions has been integrated across subsets of the total velocity range used to create the moment maps (referred to as channel maps). We integrate the N2H + (1 − 0) and C 18 O (1 − 0) transitions from 55 − 61 km s −1 in steps of 0.5 km s −1 (which corresponds to approximately 10 channels for both lines). Figure 4 shows contours of the integrated intensity in these steps for N2H
+ (1 − 0) (in red) and C 18 O (1 − 0) (in blue), overlaid on the mass surface density map (Kainulainen & Tan 2013 Each map is overlaid on the mass surface density map of Kainulainen & Tan (2013) . Shown with + and × symbols are the positions of the "core" regions identified by and those from Rathborne et al. (2006) , respectively.
The channel maps show a complex morphology, where both lines appear to peak towards the south for the majority of the velocity range, with several local maxima appearing at different velocities towards the north of the cloud. These suggest that the velocity gradients identified in the moment map analysis are not continuous, but rather that they are due to distinct peaks in velocity across the map, which, when averaged, mimic a smoothly varying centroid velocity. Identifying velocity structures by arbitrarily separating these maxima can be, however, dependent on the applied spatial and/or velocity boundaries.
ANALYSIS
To determine if multiple velocity components are present across Cloud F, as the various intensity peaks in the channel map analysis would seem to suggest, we check the individual N2H + (1 − 0) and C 18 O (1 − 0) spectra. The two panels of Figure 5 show the spectra at each position across the cloud. Multiple distinct velocity components can indeed be clearly identified, predominately in the C 18 O (1 − 0) emission, at several positions across the cloud. A result which is not evident from the average spectra, shown in Figure 2 . A more reliable method to separate these components than is possible with moment or channel maps is, therefore, required to accurately analyse the kinematics within this complex IRDC.
In this section, we use use a semi-automated gaussian fitting algorithm and automated hierarchical clustering algorithm. These have been chosen such that the identified coherent velocity structures can be tested for robustness against a range of input parameters, within both the fitting and clustering algorithms. This method ensures that the structures are both reliable and reproducible. Importantly, in section 5.1 we investigate an apparently similar IRDC to Cloud H, for which we use this same method to identify the coherent velocity structures, allowing for a systematic comparison of their kinematic properties.
Spectral line fitting and velocity coherent features
To separate the velocity components, we fit Gaussian profiles to the spectra across the cloud using the Semi-automated , and the intensity ranges are -0.5 to 2.5 K for N 2 H + and -0.5 to 3.5 K for C 18 O. Overlaid on each spectrum are the results of the line fitting (scouse) and clustering (acorns) routines, which are discussed in section 4.1. The colours of these profiles represent the various velocity component associations given in Table 3 . The background greyscale is the mass surface density map, determined from near and mid-infrared extinction (Kainulainen & Tan 2013 ).
multi-COmponent Universal Spectral-line fitting Engine (scouse; Henshaw et al. 2016) . 6 scouse has been chosen over manually fitting each individual spectrum (a total of ∼300 for both Cloud F maps), as this algorithm was specially produced to efficiently and systematically fit a large number of spectra. To do so, scouse works in several steps. Firstly, the map is split into regions (referred to as "spectral averaging areas", SAA), within which the data are spatially averaged. For each SAA spectra, the user is instructed to 6 Written in the idl programming language. See https:// github.com/jdhenshaw/SCOUSE for more details.
fit the appropriate number of Gaussian components. The individual spectra contained within the SAAs are then automatically fitted using the parameters from the Gaussian fits of their SAA within given tolerance limits on the peak intensity, line centroid velocity, line width and separation between components. As a final step, the results are checked for anomalies, which can be re-fitted if required.
As discussed in Henshaw et al. 2016 , the size of the SAA selected will be somewhat data dependent. A size of 30 represented the maximum size for which the spatially averaged spectrum was a good representation of the line profiles of its composite spectra. Changing the SAA size will not signifi- cantly affect the final best-fitting solutions across the cloud. Rather, decreasing the size of the SAA will result in an increase in the number of spectral that require manual fitting during the SAA fitting stage (and a reduction of fits that need to be corrected during the later stages). Alternatively increasing the size of the SAA will have the opposite effect. An SAA radius of 30 for the Cloud F data, such that each SAA contained four to six spectra, therefore, represented the most efficient choice. The tolerance limits were set such that each fit had to have a peak intensity of at least three times the rms, a centroid velocity similar to an SAA fit to within three times the value of the velocity dispersion and a line width to within a factor of two. To be considered a multi-component fit, the components had to be separated by a factor of two times the line width. These parameters gave reasonable fits across the cloud for both N2H + (1 − 0) and C 18 O (1 − 0), where the mean residual across all positions after fitting was < 3 rms and only ∼ 10 per cent of the spectra required manual checking. The results of scouse are over-plotted on the spectrum at each position in Figure 5 .
To identify coherent velocity features within our decomposed data, we use Agglomerative Clustering for ORganising Nested Structures (acorns; Henshaw et al. in prep) .
7 A complete description of the algorithm and the process will be presented in Henshaw et al. (in prep) , however, the key details are included below.
acorns is specifically designed to work on decomposed spectroscopic data, i.e. the output of scouse (or an equivalent algorithm). The algorithm follows the principles of hierarchical agglomerative clustering and searches for a hierarchical system of clusters within the decomposed dataset. In agglomerative clustering, each data point begins its life as a 'cluster'. Clusters grow by merging with other clusters pro-vided they satisfy a number of conditions which are supplied by the user (see below). As the algorithm progresses, hierarchies develop. These hierarchical clusters, as in many areas of research, can be visualised graphically as a dendrogram.
The merging process is governed by a series of conditions controlled by the user. These conditions are known as linkage criteria, and can refer to, for example, a euclidean distance between two clusters or an absolute difference in a variable of the users choice (e.g. velocity or velocity dispersion). If two adjacent clusters satisfy the linkage criteria, they will be merged. In this work, for two data points to be linked, we require several that criteria are satisfied. Namely, adjacent clusters must: i) have a Euclidean separation which less than a beam size; ii) have an absolute velocity difference less than twice the spectral resolution of the data; iii) have an absolute difference in velocity dispersion which is less than the thermal velocity dispersion of the gas (estimated to be cs=0.23 km/s at 17K, from Table 1 , given a mean molecular weight of 2.33 a.m.u).
8 We consider these criteria to be fairly strict and representative of the limitations of our data (i.e. our spatial and spectral resolution). Once this initial robust hierarchy has been established (i.e. all possible links satisfying these criteria have been exhausted), acorns then allows the user to relax these conditions in order to further develop the hierarchy. This can be performed in several ways, in incremental stages, both interactively and noninteractively, or in a single step. In this study we relaxed the 8 The observed velocity dispersion is given as σ obs = ∆υ (8 ln (2)) −0.5 , where ∆υ is the observed full width half maximum (or line width). Here and throughout this work, we use the classical value of the abundance to be consistent with the previous IRDC analyses (e.g. Henshaw et al. 2013; Jiménez-Serra et al. 2014) , and not the value obtained when accounting for heavier elements (2.37; see Kauffmann et al. 2008) . Taking the latter would not significantly affect the results of this work.
conditions in a single step, however, we conducted a parameter space study in order to establish the set of relaxation parameters which produced the most robust hierarchy. These optimal parameters were chosen when a hierarchy appeared most persistent across an area of the parameter space (i.e. when the hierarchy did not significantly change for a range of relaxation parameters), whilst being comparable for both the C 18 O and N2H + data (assuming that N2H + traces similar, or a least the densest, components traced by C 18 O). This was achieved with relaxation factors of 2.5, 1.75, and 0.75, for the spatial separation, centroid velocity and line width, respectively, for both transitions. Figure 6 shows the position-position-velocity diagram for the above analysis, where the centroid velocities of the Gaussian profiles at each position have been plotted, and the colours correspond to the identified components (shown in the legend). Four coherent velocity components have been identified in the C 18 O (1−0) emission from Cloud F: FPPV1, FPPV2, FPPV3 and FPPV4, which are shown in blue, green, purple, and red, respectively, on Figures 5 and 6. We find that the components FPPV1 and FPPV4 are extended across the length of the cloud, whereas FPPV2 and FPPV3 are limited to the southern and northern portions of the cloud, respectively. The component FPPV4 is also identified in the N2H + (1 − 0) transition emission. The basic properties of these components are given in Table 3 , and they are analysed in the following sections.
Velocity gradients
As previously shown in the moment map analysis, Cloud F appears to have a smooth velocity gradient increasing in velocity from for west to east (see Figure 3) . However, in the kinematic structure identified from the Gaussian decomposition, we do not see such a smooth gradient, instead, we observe the velocity components at distinct velocities across the cloud. We find that the FPPV1 is at a high velocity (∼ 60 km s −1 ) on the east of the mapped region, and the FPPV2 is at a low velocity (∼ 57 km s −1 ) on the west of the mapped region (see Figure 6 ). When averaged with FPPV4, as in the case of the moment map analysis, these would mimic a smooth velocity gradient across the cloud. Rather than a primarily west to east velocity gradient, the identified components show large-scale velocity gradients running along the south-north axis of the cloud. Here we determine the magnitude and angle of the larger scale gradients across the cloud following the analysis of Goodman et al. (1993) , who assume that the line centroid velocities can be represented by the linear function,
where ∆RA and ∆Dec are the offset right ascension and declination in radians, V0 is the average velocity of the velocity component, VLSR is the centroid velocity of the Gaussian profile fit at each position, and A and B are solved for using the non-linear least squares optimisation routine scipy.optimize.curve fit in python. The velocity gradient, ∇v, can be calculated with,
where d is the source distance. The angle of the gradient, θ∇v, can be determined from,
The magnitudes and angles, with respect to East of North, of the velocity gradients for each velocity component, are given in Table 3 . We find velocity gradients across the cloud in the range of 0.12-0.75 km s −1 pc −1 , with an average over all components of ∼ 0.3 km s −1 pc −1 , which is lower than the range determined from the moment map analysis ∼ 0.5 − 0.7 km s −1 pc −1 . This is due to the fact that here we are analysing the gradients of the individual components, rather than the gradient produced by the separation of the components when they are averaged. These gradients are discussed further in appendix A.
Different N2H
+ (1 − 0) and
Comparing the distribution of different molecular species, both spatially and in velocity, within star-forming regions, can provide clues of their formation scenarios (e.g Henshaw et al. 2013) . To do so within Cloud F, we compare the centroid velocity at each position of the component identified in the N2H + (1 − 0) and C 18 O (1 − 0), FPPV4. The centroid velocity difference, VLSR (N2H + -C 18 O), map and histogram are presented in Figure 7 . We find that the average difference in velocity is +0.32 ± 0.06 km s −1 .
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A velocity shift between two tracers may, however, be produced when comparing the velocity from emission which is not tracing the same gas; or in other words, here we choose to compare the emission from the FPPV4 component, as this is seen in both C 18 O and N2H + , however, if some of this emission is actually from different component which has been wrongly assigned, then an artificial velocity shift would be produced. Such an effect could be plausible towards the north of the cloud, where the N2H + (1 − 0) emission appears to originate at a velocity in-between the FPPV1 and FPPV4 components (see Figure 6 ). To investigate this, we temporarily attribute the emission above Dec (J2000) = 01
• 27 36 to the FPPV1 component, and re-determine the velocity shift between the N2H + (1 − 0) and C 18 O (1 − 0). Doing so, we find an average value towards this northern region is −0.67 ± 0.10 km s −1 ; a negative shift which is a factor of two larger in magnitude than that found when assigning this region to the FPPV4 component. Demonstrating that there is a significant shift in velocity between the N2H + (1 − 0) and C 18 O (1 − 0) emission regardless of which component the N2H + (1−0) emission within the northern region is assigned, and this result is persistent, regardless of which N2H + and C 18 O components are compared. We continue with the assumption that components closer in velocity are the most likely to be physically associated, hence keep the original assignment of all the N2H + (1 − 0) emission to the FPPV4 component, which provides a smaller, yet still significant, average velocity shift (+0.32 ± 0.06 km s −1 ). 
Velocity dispersions
In order to study the non-thermal motions of the gas from the observed line widths we use the expression from Myers (1983) ,
where σNT, σ obs , and σT, are the non-thermal, the observed, and the thermal velocity dispersion, respectively. ∆υ is the observed full width half maximum (or line width), kB is the Boltzmann constant, T kin is the kinetic temperature of the gas and m obs refers to the mass of the observed molecule (30 a.m.u for C 18 O; 29 a.m.u for N2H + ). We assume a constant kinetic gas temperature of 17 K (e.g. Dirienzo et al. 2015; Pon et al. 2016a) , which gives thermal dispersion contributions of 0.064 km s −1 and 0.065 km s −1 , for C 18 O and N2H + , respectively.
10 Figure 8 shows the non-thermal component of the velocity dispersion compared to both the gas sound speed (lower axis) and thermal component of the dispersion (upper axis) at each position within Cloud F. Comparison to the gas sound speed has been made assuming a temperature of 17 K and a mean molecular weight of 2.33 a.m.u (cs = 0.23 km s −1 ). We find that the velocity dispersions (or Mach numbers M = σNT/cs) averaged over all velocity components are 0.75 ± 0.03 km s −1 (M = 3.2 ± 0.14) and 0.63 ± 0.02 km s −1 (M = 2.70 ± 0.07) for N2H + (1 − 0) and C 18 O (1 − 0), respectively. To link these observed nonthermal motions to the turbulent motions (i.e. with corresponding Mach number) within the cloud, we make the 10 Given the weak dependence on the temperature, varying between the expected limits within IRDCs does not affect the results presented here.
assumption that no velocity gradients or substructure are present with size scales less than the beam size. This may, however, not be the case for these IRAM-30m observations presented here given the large physical beam size (∼ 0.5 pc; cf. Henshaw et al. 2013 and Henshaw et al. 2014) , hence the values of the turbulent velocity dispersion calculated here most likely represent upper-limits on the true turbulent motions within the cloud. We find that all the velocity components have non-thermal velocity dispersions factors of several larger than the gas sound speed, which suggests that their internal turbulent motions are (at most) only moderately supersonic over scales of ∼ 0.5 pc (traced by these observations).
We note that the calculated average N2H + velocity dispersion is larger than the average C 18 O velocity dispersion, which is not typically expected if the N2H + is tracing the denser, more compact regions within the cloud, unless the dense gas is associated with embedded young stellar objects. However, when comparing the velocity dispersions for the FPPV4 component only, we find comparable values (see Table 3 ). This suggests that both molecular lines are tracing similar gas within this component.
DISCUSSION
The kinematic analysis of Cloud F has unveiled a complex structure, consisting of several extended, coherent velocity components. Previous studies of this cloud have shown that it contains a distribution of both quiescent and active starforming regions, which are discussed in relation to the kinematic structure in appendix A, with a particular focus on the Rathborne et al. (2006) and shown on Figure 1 . In the following sections, the kinematic structure of Cloud F is compared to that within similar IRDC, and to the larger scale gas kinematics surrounding the cloud.
Cloud F in the context of other massive star-forming regions: comparison to Cloud H
Galactic Plane surveys, undertaken with infrared spacebased telescopes (most recently Spitzer and Herschel), have shown that filamentary structures appear to be ubiquitous throughout the interstellar medium (e.g. Molinari et al. 2016) . Recently, kinematic analysis of molecular line emission has shown that coherent structures, believed to be velocity space representation of these filamentary structures, are equally common, appearing in both low-and high-mass star-forming regions (e.g. Hacar et al. 2013; Henshaw et al. 2014; Hacar et al. 2016; Henshaw et al. 2017) . However, despite these structures being morphologically and qualitatively similar, their physical properties may be very different. Currently, direct comparisons of the structure and its properties within massive star-forming regions are lacking.
To address this, in this section, we discuss how the properties determined for Cloud F compare to a similar IRDC, Cloud H (G035.39-00.33; Butler & Tan 2009 ; see Table 1) , with the aim of highlighting which kinematic properties are shared between these, and potentially other, massive starforming regions. The analysis of Cloud H's kinematic structure from the IRAM-30m observations has been carried out by Henshaw et al. (2013) . Here we smooth these data to the same spatial resolution of the Cloud F observations (∼ 0.5 pc), such that structure identification is not biased to a spatial scale, given the hierarchical nature of the interstellar medium. Furthermore, we use the same analysis tools to determine the kinematic structure (scouse and acorns), such that the systematic comparison is possible (see Appendix C), as it has been recently suggested that the results from different structure finding algorithms can vary (e.g. Chira et al. 2017 ). We find that Cloud H contains a complex structure, harbouring several coherent velocity components, seen in both the N2H + (1 − 0) and C 18 O (1 − 0) emission, which are in agreement with the results previously found by Henshaw et al. (2013) . Similar to Cloud F, from the measured line width, we have determined the non-thermal velocity dispersions within Cloud H. We find Mach numbers of M = 2.0 ± 0.07 and M = 2.28 ± 0.08 using N2H + (1 − 0) and C 18 O (1 − 0) (averaged over all velocity components), respectively; histograms of these results are shown next to those for Cloud F in Figure 8 . Therefore, we find that the non-thermal contributions are factors of 2 − 3 larger than the sound speed of the gas within both clouds, which sets an upper limit on the turbulent motions being mildly supersonic over the examined physical scale (i.e. the smoothed spatial resolution of ∼ 0.5 pc).
We investigate the velocity distribution of the components by comparing the separation of the lowest and highest velocity component within both clouds. We use the components seen in C 18 O (1 − 0) emission, and find a line-of-slight difference for Cloud F (FPPV1 and FPPV2) of 2.9 ± 0.5 km s −1 , and for Cloud H (HPPV2 and HPPV3) of 2.9 ± 0.3 km s −1 . Assuming a simple three-dimensional morphology, this result could indicate that both clouds have kinematic structures which are interacting at a speed of up to 5 km s −1 ; accounting for a factor of √ 3, assuming the velocity in the plan of the sky is equivalent in all directions.
A filament merging scenario is in agreement with the wide-spread narrow SiO emission observed within Cloud H, generated by the sputtering of dust grains within large-scale C-shocks (Jiménez-Serra et al. 2010, requiring a shock velocity of ∼ 12 km s −1 ). It is possible that a similar scenario of filament merging is causing the velocity difference within Cloud F, and indeed Cosentino et al. (accepted) also found similarly wide-spread SiO emission throughout this cloud. However, it is difficult to determine if this emission is due to a merging scenario or higher level star-formation within Cloud F, which would have affected the chemistry of the molecular gas as a result of stellar feedback (e.g. towards the F4, or MM3, region). The elevated level of star formation within Cloud F suggest that it is at a later evolutionary stage than Cloud H, which has previously been suggested to be ∼ 3 Myr old (Henshaw et al. 2013; Jiménez-Serra et al. 2014; Barnes et al. 2016) .
We also compare the velocity separation between the coherent velocity components identified in the N2H
and C 18 O (1 − 0) emission. When doing so within Cloud F we found a significant positive systematic offset of VLSR (N2H + -C 18 O) = +0.32 ± 0.03 km s −1 . To conduct a similar analysis within Cloud H, we compare the HPPV4a and H PPV4b structures. These components have been identified simultaneously at three positions within the N2H + (1 − 0) map (see Figure C2) . At these positions, we average the centroid velocity of the components in N2H + (1 − 0) and compare this velocity to the component seen in the C 18 O (1 − 0) emission (HPPV4).
11 We note that omitting these positions, which make up only ∼ 5 per cent of the total positions used for this comparison, would not significantly affect the result presented here. The centroid velocity difference map and histogram for Cloud H is presented with the Cloud F results in Figure 7 . We find an average velocity shift of + 0.26 ± 0.02 km s −1 , 12 which is in agreement with the value found by Henshaw et al. (2013) . It is intriguing that both clouds share such a similar positive velocity shift between N2H + (1 − 0) and C 18 O (1 − 0), given below are several possible scenarios its formation.
It has been previously proposed that the velocity difference within Cloud H is a result of a filament merging, whereby higher velocity filaments (HPPV1 and HPPV2, from this work) are merging with a lower velocity, less massive filament (HPPV3), increasing the density of an intermediate velocity filaments (HPPV4a and H PPV4b ) . Given the majority of the mass within Cloud H is situated at a higher velocity, the densest gas forming within the intermediate velocity filament, as traced by N2H + , is pushed to a higher velocity with respect to its envelope material traced by C 18 O, also formed by the merging process (Henshaw et al. 2013; Jiménez-Serra et al. 2014; Henshaw et al. 2014 ). Indeed, simulations have shown that certain lines-of-sight through density fluctuations and varying velocity fields within collapsing clouds can cause significant velocity difference between molecular tracers (Smith et al. 2013; Bailey et al. 2015) . As previously discussed, such a scenario is plausible for Cloud F, and would also be in agreement with the observed velocity difference between the components. We note, however, a common physical mechanism driving this interaction is not determinable from the data presented here (e.g. cloud-cloud merging or global gravitational collapse).
A second explanation, proposed by Zhang et al. (2017) , is that velocity shifts between low and high-density tracers could be a signature of gas which is both expanding and contracting within the core regions of the cloud. This is based on the assumption that the higher critical density molecules, in their case HCO + emission, trace the inner dynamics of a core, while lower critical density molecules, C 18 O, trace the outer, envelope dynamics. These authors find blue-shifted and red-shifted profiles of the high and low-density tracers, respectively, towards a sample of cores, which they suggest shows the different core layers are moving in opposing directions; a scenario of "envelope expansion with core collapse" (e.g. Lou & Gao 2011) . Indeed, these authors proposed such a scenario for a core region within Clouds H (H6/MM7; Rathborne et al. 2006; . We suggest that this could, in theory, be applied to explain the velocity shifts observed across both clouds, yet this would require the effect being extrapolated over larger scales.
In summary, here we have shown that two massive, morphologically and qualitatively similar IRDCs share several kinematic properties, hinting at similar internal gas conditions. An intriguing result given that they are drawn from a different of Galactic environments and their various internal physical processes (e.g. level of star formation). It would be interesting to examine a larger sample of clouds to determine if these properties are inherent to the wider IRDC population.
Connection between IRDC scales and GMC scales for Cloud F
As previously mentioned, the interstellar medium is hierarchically structured, with massive star-forming regions hosting a complex sub-structure through various scales (e.g. filaments to cores). However, these regions are by no means at the top of this hierarchy, rather they are believed to be only a small part of larger, Galactic scale structures, which typically have masses and spatial extents one to two orders of magnitude larger than IRDCs (e.g. Ragan et al. 2014; Hernandez & Tan 2015; Zucker et al. 2015) . Indeed, several works have already studied the larger scale environment surrounding both Clouds F and H (as defined here by the IRAM-30m coverage). Hernandez & Tan (2015) find that the larger scale structures which host Clouds F and H share many similar kinematic properties, such as velocity dispersions (∼ 3 − 5 km s −1 ), velocity gradients (∼ few 0.1 km s −1 pc −1 ) and virial parameters (∼ unity), and Ragan et al. (2014) showed how these IRDCs could be part of "Giant Molecular Filaments" (henceforth, GMFs) structures, which stretch over hundreds of parsecs and have masses of ∼ 10 5−6 M . Using the same analysis tools used on the IRAM-30m observations, we determine the kinematic structure of the region surrounding Cloud F (see appendix E). The results of this analysis are presented in the upper panel of Figure 9 , which shows the position-position-velocity diagram with each point coloured to the identified velocity components given in Table E1 (features of interest are shown in the figure legend). The most extended and prominent of these structures, FGRS2, is coherent over nearly the entire mapped region, a projected distance of > 20 pc at the assumed source distance of 3.7 kpc (Simon et al. 2006b ).
The lower panel of Figure 9 shows the structures identified from the IRAM-30m C 18 O (1 − 0) observations overlaid on those from the 13 CO (1 − 0) GRS observations. We find that the FPPV4 structure appears to coincide spatially and in velocity with the FGRS2 towards the north of the IRAM-30m mapped region. However, towards the south of the IRAM30m map, towards the MM1 region, the FPPV4 component appears at a velocity in-between the FGRS1 and FGRS2 components, which suggests that the splitting of these two GRS components is an optical depth effect in the 13 CO observations, which would make sense as this is one the densest regions within the cloud. Furthermore, as discussed in appendix A, this optically thick emission profile can be linked to the infall motions previously identified towards this region (Ramesh et al. 1997; Sanhueza et al. 2010) .
We find that FPPV4 and FPPV2 appear to trace FGRS1 and FGRS2 on the west side of the mapped region, towards the MM8/F1 region. However, given the spatial resolution of GRS observations (∼ 0.8 pc), it is difficult to distinguish the transition to the optically thin regime when inspecting the spectra from the MM1 region to the F1/MM8 regions, hence the 13 CO observations towards this region may also be optically thick. Towards the F4/MM3 region, the FPPV1 component does not appear to have any associated component in the GRS observations. It is possible that this component has blended in the GRS data, which seems feasible given the broad line width of the FGRS2 component within this region (∼ 2 km s −1 ), and the close proximity in velocity to the FPPV4 component (∼ 1 km s −1 ). Despite the caveats discussed here, the brightest and most extended structures in the GRS observations appear to correspond to the structures in the IRAM-30m, indicating that Cloud F could be the central, densest part of this larger scale structure.
Cloud F as part of a massive inter-arm filament
Ragan et al. (2014) identified a structure within the spatial coverage and velocity range (50-60 km s −1 ) of the FGRS1/FGRS2 components as the Giant Molecular Filament 38.1-32.4a, which has the largest mass (∼ 10 6 M ) and projected length (∼ 200 pc) in their sample. It was suggested that this structure resides between the near and far Sagittarius arm, hence could be classified as an "inter-arm cloud" (e.g. Zucker et al. 2015) . However, the recent Bayesian distance estimator from Reid et al. (2016) , which takes into account the kinematic distance, displacement from the plane, and proximity to individual parallax and the probability of residing within a spiral arm (i.e. as priors), places this source in the far Sagittarius arm, at a distance of 10.6 ± 0.3 kpc. This is in disagreement with the kinematic distance analysis from Roman-Duval et al. (2009) , which places the cloud at the near distance of 3.7 ± 0.8 kpc based on the absorption of the background HI emission towards this region, the nearinfrared extinction distance of ∼ 3 kpc (Foster et al. 2012) , and the parallax distance of 1.56 +0.12 −11 kpc (Kurayama et al. 2011; see Foster et al. 2012 and Foster et al. 2014 for discussion of potential issues with this measurement).
We adjust the weighting on near/far kinematic distance within the Reid et al. (2016) estimator (the only aforementioned prior easily varied). We find that this has to be set to a 1 per cent probability of the source being at the far distance in order to recover a value consistent with the near kinematic distance (3.6 ± 0.7 kpc).
13 Taking this distance estimate for GMF 38.1-32.4a (and Cloud F) places it in-between the near and far Sagittarius arms, as previously suggested by Ragan et al. (2014) . This would make this region of particular interest for further study, as one of the most massive and extended inter-arm star-forming complexes in the Milky Way.
13 See http://bessel.vlbi-astrometry.org/bayesian, where the default value that the source is at the far distance is 50 per cent. Adjusting the weightings of the other three priors is possible, yet beyond the scope of this work.
Could Cloud F be interacting with the supernova remnant W44?
We note that the complication with the source distance may be caused by the higher than average uncertainty in the spiral arm models towards the 33 • > l > 36
• longitude region, due to the W44 supernova remnant, which has spread the gas over a large velocity range (Dame et al. 1986; Cardillo et al. 2014 ). A speculatory scenario could then be that the supernova remnant is directly influencing the gas within Cloud F, forcing it to a higher velocity than this predicted for the Sagittarius arm near-arm (∼ 30 km s −1 ; Reid et al. 2014) . Assuming that the cloud had an original velocity of ∼ 30 km s −1 , the Reid et al. (2016) estimator places the source at a distance of 2.12 ± 0.17 kpc, which is in better agreement with the parallax distance from Kurayama et al. (2011) . This is, however, then significantly closer than the distance to W44 of ∼ 3.2 kpc, determined from pulsar timing (Wolszczan et al. 1991) . Furthermore, the structure of the W44, observed in the infrared, radio and x-ray, doesn't appear to extend high enough in galactic latitude to be interacting with the Cloud F (or GMF 38.1-32.4a; Castelletti et al. 2007 Castelletti et al. , 2011 Cardillo et al. 2014) . It is then not clear if it is possible that these two sources are interacting, nevertheless, such a scenario would further this cloud as an interesting source for future studies.
CONCLUSIONS
In this work, we have identified the kinematic structures within a relatively quiescent massive IRDC: G034.43+00.24 (or Cloud F; e.g. Butler & Tan 2009 ). To do so, we have acquired high-sensitivity, high spectral resolution maps of the C 18 O (1 − 0) and N2H + (1 − 0) molecular line transitions taken with the IRAM-30m telescope. These lines were chosen as they are thought to trace the moderate to high-density gas within quiescent star-forming regions (∼ 10 3−5 cm −3 ). Multiple velocity components are seen in the C 18 O (1 − 0) spectra at the majority of positions throughout the cloud. To separate and link these into coherent structures, we use semi-automated Gaussian line fitting and hierarchical clustering (scouse and acorns; Henshaw et al. 2016, in prep) . Compared to moment and channel map analysis, which are typically used for kinematic studies, the use of these algorithms removes much of the subjectivity in identifying velocity structures, allowing for a reliable investigation into their properties.
We find four distinct coherent velocity components within Cloud F in C 18 O (1 − 0) emission, some of which are extended along the majority of the cloud (∼ 4 pc). We compare the properties of these to the velocity components identified within a similar IRDC, G035.39-00.33 (Cloud H; e.g. Butler & Tan 2009 ). We find that these share many similar properties, such as the components appear to be very dense (approximately > 10 4 cm −3 , as inferred from the extended N2H
+ emitting area), the components have mildly supersonic velocity dispersions, the components have a similar separation in velocity, and there is a significant (positive) velocity difference between similar components identified in C 18 O and N2H + emission. The latter two of these could hint at a common scenario of gentle filament merging, although this requires further investigation.
We investigate the large-scale kinematic structure surrounding Cloud F, by using the lower density tracer 13 CO (1 − 0) from the Galactic Ring Survey. Several very extended (> 10 pc) structures are identified throughout the GRS region, some of which may, in fact, be larger if not artificially split in velocity by optical depth effects. We find that the structures identified from the IRAM-30m observations are coincident with the central, brightest and most extended component in the GRS, suggesting that the IRDCs are the densest central parts of less dense, larger scale structures. We find that the structure identified here could be the Giant Molecular Filament 38.1-32.4a found by Ragan et al. (2014) , which when taking the kinematic source distance places it as an "inter-arm cloud" ("spur" or "feather") residing inbetween the near and far Sagittarius arm.
APPENDIX A: THE KINEMATIC STRUCTURE OF CLOUD F
The kinematic structure of Cloud F is discussed in this section with reference to previous work on this source. For reference, the Rathborne et al. (2006) and core regions mentioned in the follow section are labeled on Figure 1 . We also give a note on the physical interpretation of structures identified in molecular line observations.
A1 The F1/MM8 region
Towards the south-west of the mapped region, the F1/MM8 core region, we find two distinct velocity components: FPPV2 and FPPV4, both seen in the C 18 O (1−0) emission. As shown in Figure 5 (right panel), the higher velocity of these components shows a factor of two narrower line width, with respect to the mean value of this component (line width towards this region and mean width of the FPPV4 component are ∼ 1 km s −1 and ∼1.8 km s −1 , respectively). A similar double-peaked line profile may, however, be produced as a result of optically depth. If the emission were optically thick, it would be self-absorbed at the mean centroid velocity of the region (as traced by optically thin emission). Unfortunately, significant N2H + (1−0) emission is not observed towards this region, however, another high-density tracing, optically thin molecular line transition, N2D + (3−2) has been shown to have emission at velocities coincident with only the lower velocity component (Pon et al. 2016a; Tan et al. 2013 ). This is not expected if these components were produced by optical depth, as instead, the optically thin emission would have a centroid velocity at the centre of these components (see section 5.2 for a discussion).
The depletion of CO-bearing molecules, such as C 18 O, onto the dust grains within dense, cold environments, may also artificially produce multiple velocity components. However, a dip in the emission profile of the CO-bearing molecule emission (e.g. C 18 O) would typically be seen at the centroid velocity of the emission from a non-CO bearing molecules (such as N2D + ), which we again do not see ). Furthermore, we calculate the level of CO depletion throughout Cloud F and find an average value towards this region of 1.3 ± 0.1 (no depletion of CO would be represented by a value of unity), which we believe is not significant enough to cause this effect (see Appendix D). We, therefore, find that two distinct velocity components with different line profiles are indeed present along the line of sight towards this region, pointing to different internal conditions within these components.
Possible formation scenarios for the interesting structure observed towards this region have been discussed in a series of papers by Pon et al. (2015 Pon et al. ( , 2016a . These authors identify both narrow and broad velocity components in JCMT mid-J transition 13 CO observations (with a spatial resolution of ∼ 11 ) towards this region, showing similar centroid velocities to the FPPV2 and FPPV4 components identified here. Pon et al. (2016a) suggest that protostars associated with the 24 µm source just to the north of the F1 core have created a wind-blown bubble, where the broader, lower velocity component (∼ 56 km s −1 , FPPV2 here) traces the compressed gas within the bubble wall. This lower velocity component is also seen in high-J CO transitions (e.g. J = 8 → 7 upwards; Pon et al. 2015) . Comparison between the PDR models and the high-J transition emission shows that there may be a hot gas component (of around ∼ 100 K) within this region, which could have been formed by the dissipation of turbulence as this component is compressed within the shell (Pon et al. 2015 (Pon et al. , 2016b . The origin of the narrow velocity component FPPV4 is, however, still unknown.
A2 The F4/MM3 region
Initial molecular line studies towards the F4/MM3 region showed it to be cold, dense and quiescent, hence an ideal region to study the initial stages of massive star formation (Garay et al. 2004) . Several more recent studies have, however, found signs that protostars could be already present within this region (e.g. Foster et al. 2014 ). For example, there is a clear point source towards this region in the Spitzer and Herschel images, which can be seen as a negative mass surface density values in Figure 3 . Indeed, Chambers et al. (2009) found two sources within the MM3 region which could be classified as a "green fuzzie" from their excess of 4.5 µm emission, a signpost of heated dust by embedded protostars, and Cosentino et al. (accepted) have found bright and broad SiO emission toward this core, indicative of an outflow (also see Sakai et al. 2013; Yanagida et al. 2014) . These authors also detect water and methanol maser emission towards both of these sources, suggesting that massive protostars may be present within this region (e.g. Walsh et al. 2001) . Wang et al. (2006) identified that the water maser emission towards this core has a single component, which is red-shifted by ∼ 20 km s −1 with respect to the molecular gas at ∼ 55 km s −1 , suggesting that the embedded protostar(s) within this region have already begun to influence the kinematics of the surrounding gas. Sanhueza et al. (2010) found that the optically thick emission from CO (3 − 2) towards these regions have blue-and red-shifted lobes of ± 15 km s −1 around the mean centroid velocity of optically thin lines, such as C 18 O and CS (similarly broad profiles were found by Rathborne et al. 2005) . These authors suggest that such profiles are the result of a molecular outflow with a total mass of ∼ 40M . Using the lower mass limit of the embedded sources within this region from Shepherd et al. (2007) , 14 and extrapolated with a Kroupa IMF, we estimate that the total mass of protostars within this region is comparable to the mass of the molecular outflow.
Towards the F4/MM3 region, we find a relatively simple velocity structure of only a single velocity component, FPPV4. However, in light of the above discussion, it is possible that this kinematic structure has been influenced by protostellar feedback and/or is causing the star formation within this region. Indeed, we find a systematic offset between the N2H + emission towards higher velocities, with respect to the C 18 O emission (of ∼ 0.2 km s −1 ; see section 4.3). observational techniques to analyse a molecular cloud within a three dimensional, magnetohydrodynamic simulation and found that unassociated density enhancements can artificially appear as single coherent structures when superposed along the line-of-sight, particularly towards low-density regions. It is not clear, however, how these simulations apply to the massive star-forming regions, which typically have higher densities than their lower mass counterparts. In this work, we have identified velocity component(s) which are coherent across several parsecs within both moderate and higher density molecular line tracers. It would seem unlikely that these extended structures could be produced by the superposition of low-density random fluctuations.
APPENDIX C: REDUCTION AND ANALYSIS OF THE IRAM-30M OBSERVATIONS TOWARDS CLOUD H (G035.39-00.33)
One of the aims of this work is a comparison of the kinematic structure of Cloud F (G034.43+00.24) and Cloud H (G035.39-00.33; Butler & Tan 2009 ). The kinematic analysis of the C 18 O (1−0) and N2H + (1−0) IRAM-30m observation has already been conducted by Henshaw et al. (2013) , yet we choose to analyse these data using the same techniques as Cloud F, such that no artificial differences are introduced into the comparison.
C1 Observations
Details of the C 18 O (1 − 0) and N2H + (1 − 0) observations towards Cloud H are presented in Table 1 of Henshaw et al. (2013) . Here, we smooth these observations to an angular resolution of 36 , with a pixel spacing of 18 , such that they have a spatial resolution of ∼ 0.5 pc at the source distance of 2.9 kpc (Simon et al. 2006b ). This was done to match the spatial resolution of the Cloud F observations, the results of which can be found in section 5.1. Figure C1 shows the average spectrum for the N2H + (1 − 0) hyperfine component and C 18 O (1 − 0) transitions across Cloud H. We find that the majority of the emission above the rms levels is between approximately 43−57 km s −1 . Figure C2 shows the spectra at each pixel position across the cloud, plotted using the same velocity range as the average spectra. As with Cloud F, several spectra across the mapped region, particularly in C 18 O (1 − 0), appear to have more than one peak, and show that multiple velocity components are present along the line of sight.
C2 Gaussian fitting and hierarchical clustering
We use the Gaussian profile fitting algorithm scouse to separate the velocity components within the spectra, then the hierarchical clustering routine acorns to identify the coherent velocity structures across the cloud. The same spectral averaging area (SAA) radius and threshold values in scouse that were used for Cloud F were used for Cloud H. These gave reasonable fits, and < 10 per cent of the data had to be checked and re-fitted. The same input parameters as used in Cloud F were in acorns for the identification of the initial hierarchy. The parameter space survey of the relaxation factors, however, showed that for values of 0.5, 1.25, 1.0, for the peak intensity, centroid velocity and line width, respectively, were required to identify the most robust structures.
15 The results of the Gaussian fitting and structure finding routines are presented in Figures C2 and  C3 .
We identify five structures in the C 18 O (1 − 0) emission, defined as HPPV1, HPPV2, HPPV3, and HPPV4a and H PPV4b (shown in orange, purple, green, red and blue), three of which are also identified in the N2H + (1 − 0) emission. We choose to define HPPV4a and H PPV4b in this way, as, although they have been defined as separate structures (see Henshaw et al. 2014) , previous single dish studies have defined them as one (Henshaw et al. 2013; Jiménez-Serra et al. 2014) . The basic properties are given in Table 3 .
APPENDIX D: CO DEPLETION WITHIN CLOUD F
The depletion of CO onto dust-grain surfaces occurs in the coolest, densest regions of IRDCs, and therefore it is a signpost for material at the earliest phases of star formation, away from the effects of stellar feedback. This could artificially give the appearance of multiple velocity components, as the emission at the centroid velocity of the source could be reduced, mimicking optical depth effects. Here we calculate the column density and abundance of C 18 O within Cloud F, which are used to estimate the average CO depletion.
The column density, N (C and C 18 O (1 − 0), respectively. The lower two panels show the spectra at each pixel position across the cloud (shown in black). The velocity ranges are 40 to 50 km s −1 , and the intensity ranges are -0.5 to 2.5 K for N 2 H + and -0.5 to 3.5 K for C 18 O. Overlaid on each spectrum are the results of the line fitting (scouse) and clustering (acorns) routines, which are discussed in section C2. The colours of these profiles represent the various velocity component associations given in Table 3 . The background greyscale is the mass surface density map (Kainulainen & Tan 2013) .
. the procedure outlined by Caselli et al. (2002a) , assuming the C 18 O (1 − 0) emission is optically thin. The column density of hydrogen is given as N (H2) = Σ / µp mH, where µp = 2.33 a.m.u is the mean mass per particle, mH is the mass of hydrogen, and Σ is the mass surface density taken from Kainulainen & Tan (2013 (Wilson & Rood 1994) , given the Galactocentric distance of Cloud F, dGC ∼ 5.7 kpc (assuming source distance of 3.7 kpc and a distance to the galactic centre of ∼ 8.3 kpc; Simon et al. 2006b; Reid et al. 2014) . We find an average CO abundance across the cloud of X(CO) = 1.3 × 10 0) results, respectively. The colour of each point represents the association to one of the distinct coherent velocity components identified using the clustering algorithm acorns (Henshaw et al. in prep) , H PPV1 in orange, H PPV2 in purple, H PPV3 in green, and H PPV4a in red and H PPV4b in blue. The size of each point represents its relative peak intensity. The mass surface density map of Kainulainen & Tan (2013) is shown on the base of each plot. Note, the coordinate offsets of these plots are relative to the centre of the mapped region: RA (J2000) = 18 h 57 m 08 s , Dec (J2000) = 02 • 10 12 (l = 35.512 • , b = -0.277 • ).
gives the CO depletion factor, fD = X ref (CO) / X(CO). Using the abundance gradients in the Galactic Disk from Wilson & Matteucci 1992 and the Solar neighbourhood abundance of CO from Frerking et al. (1982) , Fontani et al. (2006) find that the reference abundance of CO is given by X ref (CO) = 9.5 × 10 −5 exp(1.105 -0.13 dGC), which for the Galactocentric distance of Cloud F is ∼ 1.4 × 10 −4 . We find that the average CO depletion factor across Cloud F is ∼ 1.2, which peaks with a value of ∼ 2.1 towards the MM3 core region (see Figure 1) . These values are in the range previously calculated by Hernandez & Tan (2011) using 13 CO emission towards Cloud F, albeit these authors used a slightly higher value of the reference abundance of ∼ 2 × 10 −4 . We note Pon et al. (2016b) find higher CO depletion values than observed in this work (fD = 5 − 9), using higher resolution, higher CO J-transition observations with the James Clerk Maxwell Telescope. These observations are, however, more sensitive to the higher density gas, where CO is expected to be more depleted.
In summary, here we have shown that Cloud F contains only a moderate level of CO depletion. Therefore, artificially split line profiles are not expected to contaminate the velocity component analysis from the C 18 O (1 − 0) emission.
APPENDIX E: ANALYSIS OF THE GRS OBSERVATIONS TOWARDS CLOUD F (G0.34.43+00.24)
E1 Observations
Observations covering a large scale of Cloud F have been taken as part of the Galactic Ring Survey (GRS Jackson et al. 2006 ). These 13 CO (1−0) observations have an angular resolution of ∼ 44 and a spectral resolution of ∼ 0.2 km s −1 -factors of ∼ 1.5 and ∼ 3 larger than the (smoothed) IRAM30m observations. The data are publicly available from https://www.bu.edu/galacticring/new_data.html, from which we take the data cube over the region 34 < l < 36
• , |b| < 1 • , 0 < υ < 100 km s −1 . This 2 • × 2 • image is significantly larger than required, hence we trim the image to a ∼ 1300 × 300 region covering the filamentary structure identified in the mass surface density map shown in Figure 1 .
E2 Gaussian fitting and hierarchical clustering
Shown in Figure E1 are the average spectrum and the spectrum at each position across the map. As with the IRAM30m observations of this cloud, these spectra are complex, showing multiple velocity components for the majority of positions. We use the scouse and acorns algorithms to separate and identify the coherent velocity structures across the cloud. We used the same threshold value in scouse as for the IRAM-30m observations. Given the larger number of pixels present in this dataset compared to the IRAM-30m observations, we choose a larger SAA in scouse of ∼ 145 (i.e. each SAA contained 40 positions, given the pixel spacing of ∼ 22 ). Nevertheless, this only resulted in a still manageable ∼ 20 per cent of the positions requiring manual inspection. The same input parameters used for the IRAM-30m observations were used in acorns for the identification of the initial hierarchy. The parameter space survey of the relaxation values showed that for values of 2.5, 1.75, 0.75, for the peak intensity, centroid velocity and line width, respectively, were required to identify the most robust structures. The results of these analyses are shown in Figures E1 and 9 . Twenty distinct velocity components are identified here, for which the basic properties are presented in Table E1 . Given that the observation used to identify these components are different in spatial resolution, angular resolution and extent of the IRAM-30m observations, we choose to differentiate these by using a different, "FGRS", nomenclature. 
